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Abstract
Zebraﬁsh possess three classes of chromatophores that include iridophores, melanophores, and xanthophores. Mutations that
lack one or two classes of chromatophores have been isolated or genetically constructed. Using a behavioral assay based on visually
mediated escape responses, we measured the visual response of fully and partially pigmented zebraﬁsh. In zebraﬁsh that lack
iridophores (roy mutants), the behavioral visual responses were similar to those of wild-type animals except at low contrast stim-
ulation. In the absence of melanophores (albino mutants) or both melanophores and iridophores (ruby mutants), the behavioral
visual responses were normal under moderate illumination but reduced when tested under dim or bright conditions or under low
contrast stimulation. Together, the data suggest that screening pigments in the retina play a role in the regulation of behavioral
visual responses and are necessary for avoiding ‘‘scatter’’ under bright light conditions.  2002 Elsevier Science Ltd. All rights
reserved.
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1. Introduction
Pigmentation agents in the retinal pigment epithelium
(RPE) may play a role in retinal development and
function. In albino mammals, for example, temporal
retinal axons that normally remain uncrossed at the
optic chiasm instead cross inappropriately to innervate
the contralateral hemisphere where they form abnormal
binocular maps in the lateral geniculate nucleus. As a
consequence, their visual ﬁelds may be reversed in po-
larity (Guillery et al., 1984; Guillery, Lysakowski, &
Price, 1985; Ilia & Jeﬀery, 1996; Jeﬀery, 1997; Jeﬀery,
Schutz, & Montoliu, 1994). The molecular genetic basis
of some of the hypopigmentation mutations such as
those that cause type I and II oculocutaneous albinism
or that reduce tyrosinase synthesis in the eye have been
described (Passmore, Kaesmann-Kellner, & Weber,
1999; Rosenmann et al., 1999).
Whereas anatomic and molecular abnormalities have
been well documented, whether pigmentation abnor-
malities aﬀect visual sensitivity remains controversial.
Balkema, Pinto, Drager, and Vanable (1981) reported
that hypopigmented pearl mice exhibit elevated dark-
adapted visual thresholds as compared to normally pig-
mented mice. In subsequent studies, Balkema, Mangini,
and Pinto (1983) and Suzuki and Pinto (1986) found
that the visual threshold elevation observed in vivo was
undetectable in isolated pearl mice retinas after the RPE
had been disassociated from the retina. This suggests
that the decrease in visual sensitivity of pearl mice is a
dynamic defect that depends on the direct contact of the
retina with the RPE. Elevation of the visual threshold
has also been reported in other hypopigmented species
(Allen & Hallows, 1997; Balkema, 1988; Balkema &
Drager, 1991). In contrast, Munoz Tedo, Herreros de
Tejada, and Green (1994) reported that the behavioral
visual sensitivity between albino and pigmented wild-
type animals was indistinguishable. Green, Herreros de
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Tejada, and Glover (1991, 1994) also demonstrated,
using the electroretinogram (ERG) and visual evoked
potential recordings, that there was no visual threshold
diﬀerence between albino and pigmented rodents. In
fully dark-adapted albino mice, for example, the ERG
threshold was virtually the same as measured in pig-
mented wild-type animals.
In this paper, we describe a behavioral study on vi-
sual sensitivity using fully and partially pigmented
zebraﬁsh, Danio rerio. Zebraﬁsh have proven to be a
promising model in behavioral vision research (Easter &
Nicola, 1996, Li & Dowling, 1997, 1998, 2000a,b;
Bilotta, 2000). Zebraﬁsh possess three classes of chro-
mophores: melanophores, iridophores, and xantho-
phores (Kelsh et al., 1996; Kimmel, Ballard, Kimmel,
Ullmann, & Schilling, 1995; Milos & Dingle, 1978).
These chromophores are present in the skin and the eye
of the ﬁsh where they produce pigments that appear
black (melanophores), silver (iridophores), and yellow
(xanthophores). We have isolated two spontaneously
occurred genetic mutations, albino and roy, that lack
melanophores or iridophores, respectively. We have also
created a double-mutation strain, ruby, in which both
melanophores and iridophores are absent. The mutant
ﬁsh displayed normal swimming and feeding behaviors,
and their gross eye morphology was indistinguishable
from that of wild-type ﬁsh. Under normal lighting
conditions the behavioral visual responses of mutant ﬁsh
were indistinguishable from those of wild-type animals,
except under conditions of dim or bright illumination or
low contrast stimulation. We suggest that screening
pigments in the retina play a role in the regulation of
behavioral visual sensitivity.
2. Methods
2.1. Animals and maintenance
A fully pigmented wild type (AB) and three pigmen-
tation mutant lines including albino (absent of melano-
phores, a spontaneous mutation isolated from AB ﬁsh),
roy (absent of iridophores, a spontaneous mutation
isolated from AB ﬁsh), and ruby (double mutations of
both albino and roy) were used in this study (Table 1).
The ruby ﬁsh were constructed by crossing homozygous
albino and roy animals. The gross eye morphology and
the feeding and swimming behaviors between wild-type
and mutant zebraﬁsh were indistinguishable. Animals
used in this study (4–10 months old) were kept in 28.5
C recirculating system water (distilled water with In-
stant Ocean salts added, 3 g/gal) and fed with freshly
hatched brine shrimp (Westerﬁeld, 1995). Animals were
kept in a 14 h light/10 h dark cycle (room ﬂuorescent
light, 1.15–2.45 lW/cm2). Experiments described in this
study were carried out in the late afternoon hours when
the ﬁsh are most sensitive to light (Li & Dowling, 1998).
2.2. The behavioral assay
The methods used for behavioral analysis of adult
zebraﬁsh visual sensitivity have been previously de-
scribed (Li & Dowling, 1997). The test apparatus con-
sisted of a circular plastic container surrounded by a
rotating drum. The drum was rotated at 10 rpm by a
motor. A black or a gray segment (3 3 inches, which
varied in contrast; see also Fig. 1) was marked on white
paper inside the drum. The drum was illuminated from
above by a white light source (maximum intensity,
4:25 102 lW/cm2). The intensity of the light was ad-
justed by changing neutral density ﬁlters.
Table 1
Chromatophores of wild-type and mutant zebraﬁsh
Melanophores
(black)
Iridophores
(sliver)
Xanthophores
(yellow)
Wild type þ þ þ
roy þ  þ
albino  þ þ
ruby   þ
Pigments produced by diﬀerent chromatophores appear in diﬀerent
colors (parentheses). Symbols ‘‘þ’’ and ‘‘’’ indicate the presence and
absence of the chromatophores.
Fig. 1. Diagrams of diﬀerent contrast stimuli. Contrast stimuli were made by placing a solid black (100%), a dark gray (50%), or a light gray (5%)
segment onto white paper that is placed in the innerside of the rotating drum. The drum was turned at 10 rpm in the direction against the swimming
of the ﬁsh.
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Zebraﬁsh normally swim slowly in circles when con-
ﬁned in a circular container. However, when confronted
by a threatening object, such as a black or a gray seg-
ment rotating outside the container, the ﬁsh display a
robust escape response; as soon as the segment comes
into view, they immediately turn and rapidly swim
away. To evaluate quantitatively the behavioral re-
sponses, we measured the ratio of the number of escape
responses over the number of total encounters between
the ﬁsh and the rotating segment. Experiments were
carried out in two one-minute trials. In one trial the
segment rotated clockwise, and in the other, the segment
rotated counterclockwise. To measure visual sensitivity
levels, we recorded the light thresholds that enabled the
ﬁsh to ‘‘see’’ the rotating segment during dark adapta-
tion. The ﬁsh were light adapted for 10–15 min (light
intensity, 3:25 103 lW/cm2) before entering darkness.
The threshold measurements were made at 2 min in-
tervals and completed after 60 min of dark adaptation.
Typically, we observed how the ﬁsh behaved for 10–15 s,
during which time the ﬁsh encounter the rotating seg-
ment two to four times. A minimum of two escape re-
sponses was required to claim a threshold response. For
each threshold measurement, the light illuminating the
test apparatus was originally set at a dim level, i.e.,
log I ¼ 7:0. If no escape response was observed, the
light was increased (by half log unit steps) until an
escape response was elicited.
2.3. Contrast stimulation
Contrast stimuli were made by varying the computer-
generated (Canvas 7.0, Microsoft, Inc.) black or gray
segments on white paper. For example, a 100% contrast
was made by placing a solid black segment onto white
paper, whereas a 50% contrast was made by placing a
dark gray segment onto white paper. Similarly, a 5%
contrast was made by placing a light gray segment onto
white paper (Fig. 1). We used ﬁve diﬀerent contrast
stimuli, including 100%, 75%, 50%, 25%, and 5%.
2.4. Histology
Histological methods were similar to those previously
described (Schmitt & Dowling, 1996, 1999). In brief,
specimens were ﬁxed in 1% paraformaldehyde and 2.5%
glutaraldehyde and postﬁxed in 1% osmium tetroxide in
0.06 M sodium phosphate buﬀer. Following a graded
series of ethanol dehydration, specimens were embedded
in Epon-Araldite (Polysciences, PA) and incubated at
55 C for two to three days. Specimens were sectioned
at 1.0 lm in thickness using a microtome, stained with
1% methylene blue, and viewed under a light micro-
scope.
3. Results
3.1. The escape response
With illumination at or above the absolute threshold
level, zebraﬁsh display behavioral escape responses to
the black segment approaching outside the container (Li
& Dowling, 1997, 1998). We measured quantitatively
the escape responses of the ﬁsh under diﬀerent lighting
conditions. With medium illumination (log I ¼ 2:0,
which is about 4.0 log units above the absolute visual
threshold level of wild-type ﬁsh), the behavioral escape
responses were similar between wild-type and mutant
ﬁsh. During two one-minute trials, for example, the ﬁsh
(wild type, albino, roy, and ruby, n ¼ 6 for each group)
encountered the black segment 40–50 times. In 80–85%
of the encounters the ﬁsh showed escape responses to
the approach of the black segment (Fig. 2).
We next measured the escape responses under dim
(log I ¼ 4:0) or bright (log I ¼ 0) illumination. Under
these conditions, the behavioral escape response of wild-
type and roy ﬁsh were similar to those measured under
log I ¼ 2:0; in 78–82% of the encounters the ﬁsh
showed escape responses (Fig. 2). The escape response
of albino and ruby ﬁsh decreased signiﬁcantly under dim
and bright conditions. When tested at log I ¼ 4:0, for
example, the number of total encounters between the
ﬁsh and rotating black segment was similar as it was
recorded at log I ¼ 2:0. However, in only 63% and
31% of the encounters, respectively, albino and ruby ﬁsh
showed escape responses (Fig. 2). Similarly, less robust
behavioral escape responses were observed in albino and
Fig. 2. Behavioral escape responses of wild-type and mutant zebraﬁsh
responding to dim (log I ¼ 4:0, dark bars), medium (log I ¼ 2:0,
gray bars), and bright (log I ¼ 0, open bars) illumination. The ﬁsh were
tested for escape responses in two one-minute trials. Data shows the
ratio of the number of escape responses over total encounters. The
horizontal dashed line drawn at 80% indicates the averaged visual
response of wild-type zebraﬁsh. Note the decrease of escape responses
in albino and ruby ﬁsh when tested under dim and bright illumination
(p < 0:005, tð10Þ ¼ 4:1; p < 0:001, tð10Þ ¼ 9:3; p < 0:0001,
tð10Þ ¼ 6:5; p < 0:001, tð10Þ ¼ 4:7; t-test). Data represent the
means SD.
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ruby ﬁsh when tested under bright conditions. At
log I ¼ 0, albino and ruby ﬁsh responded to the rotating
black segment in 53% and 58% of the encounters, re-
spectively (Fig. 2).
3.2. Contrast sensitivity
We evaluated the behavioral visual response of wild-
type and hypopigmented zebraﬁsh using diﬀerent con-
trast stimuli. The light illuminating the test apparatus
was set at a moderate level, log I ¼ 2:0, at which the
ﬁsh responded reliably (see also Fig. 2). The wild-type
ﬁsh displayed similar behavioral visual responses to
both high and low contrast stimuli, although a slight
decrease in response to low contrast stimuli was seen. In
80% of the encounters wild-type ﬁsh responded to high
or medium contrast stimuli (contrast, 100%, 75% and
50%), and in 70–76% of the encounters they responded
to low contrast stimuli (contrast, 25% and 5%) (Fig. 3).
The responsiveness of roy ﬁsh was similar to that of
the control animals, except at the 5% contrast to which
they responded in 44% of the encounters (Fig. 3). The
albino ﬁsh showed similar behavioral responses to those
of wild-type ﬁsh when tested with high and medium
contrast stimuli. However, when tested using 25% and
5% contrast, the number of escape response decreased
signiﬁcantly; in 57% and 36% of the encounters, re-
spectively, they responded to the gray segment (Fig. 3).
The number of total encounters between the ﬁsh and
low contrast stimuli remained unchanged as compared
to experiments using high or medium contrast stimuli.
Similar to roy and albino ﬁsh, ruby mutants displayed
robust responses to the 100% contrast stimuli; in 80% of
the encounters they responded to the approach of the
black segment (Fig. 3). However, the number of escape
responses was reduced in ruby ﬁsh when they were tested
using medium or low contrast stimuli. In response to
75% and 50% contrast stimuli, for example, in 76% and
62% of the encounters the ruby ﬁsh responded. When
the contrast decreased to 25% and 5%, the number of
escape responses decreased further; in 41% and 9% of
the encounters the ruby ﬁsh responded to the approach
of the rotating segment (Fig. 3).
3.3. Retinal morphology
We examined retinal histological sections of roy,
albino, and ruby ﬁsh to determine whether the decrease
in behavioral visual response of the mutant was related
to abnormalities in the retina. Under the light micro-
scope (magniﬁcation, 200), all retinal cell types were
detected in roy, albino, and ruby retinas. No obvious
abnormalities were observed in the photoreceptor cell
layer, nor in the photoreceptor outer segment. The
number of cell bodies in the inner nuclei layer and
ganglion cell layer was also similar between wild-type
and mutant retinas (Fig. 4). The thickness of the central
retina of roy and albino ﬁsh was similar to that of con-
trol ﬁsh. However, in ruby ﬁsh the thickness of the
central retina was somewhat reduced (Table 2).
3.4. Dark adaptation
Last, we measured the course of dark adaptation
following bright light adaptation. We used wild type and
a representative of the mutants, the albino ﬁsh. Classic
dark adaptation curves were obtained in both wild-type
and albino animals (Fig. 5). In wild-type ﬁsh, the dark
adaptation curve consisted of two segments; an early
cone limb (before 8 min of dark adaptation) followed by
a rod limb (after 10 min of dark adaptation). The cone
and rod dark adaptation was completed at 8 and 24 min,
respectively, after the ﬁsh entered the dark. The absolute
cone and rod thresholds of wild-type zebraﬁsh were
log I ¼ 4:2 and 6.0, respectively.
The albino ﬁsh were dark adapted in a similar fashion
to that of the control ﬁsh, except the time was consid-
erably longer. In albino ﬁsh, the cone and rod thresholds
reached their plateaus after 14 and 48 min of dark ad-
aptation, respectively. The absolute cone and rod
thresholds of albino ﬁsh were log I ¼ 4:2 and 6.0,
which were identical to those measured in wild-type
animals (Fig. 5).
4. Discussion
Using a behavioral assay based on visually mediated
escape responses, we evaluated the visual response of
Fig. 3. Responsiveness of wild-type and mutant ﬁsh to diﬀerent con-
trast stimuli. The light illuminating the test apparatus was set at
log I ¼ 2:0. Data show the ratio of the number of escape responses
over the total encounters. Note the decrease of escape responses in the
mutants when tested with low contrast stimuli (ruby, p < 0:001,
tð10Þ ¼ 4:7; ruby, p < 0:001, tð10Þ ¼ 6:1; albino, p < 0:005, tð10Þ ¼
3:6; ruby, p < 0:001, tð10Þ ¼ 16:5; albino, p < 0:001, tð10Þ ¼ 6:4; roy,
p < 0:005, tð10Þ ¼ 3:9; t-test). Data represent the means SD.
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normal and hypopigmented zebraﬁsh. Similar to fully
pigmented wild-type zebraﬁsh, the mutant ﬁsh displayed
robust escape responses to the rotating black segment.
Under normal lighting conditions, the mutant ﬁsh re-
sponded to visual stimuli in about 80% of the encoun-
ters, similar to that observed in wild-type zebraﬁsh.
We have demonstrated in previous studies that the
behavioral escape response is visually mediated (see re-
views by Li, 2001a,b). Thus, we anticipated that with
suﬃcient illumination the responsiveness of the ﬁsh
would be quantitatively equal. However, this was not
the case for albino and ruby ﬁsh. With illumination
about 2 log units above absolute threshold, albino and
ruby ﬁsh responded in only 63% and 31% of the en-
counters, respectively, to the approach of the black
segment. Similarly, when illuminated at log I ¼ 0, about
6.0 log units above the absolute visual threshold level of
the control ﬁsh, the responsiveness of albino and ruby
ﬁsh was reduced to 53% and 58%, respectively. Mech-
anisms that underlay the decrease of behavioral visual
response in albino and ruby ﬁsh are unclear. Considering
both albino and ruby lack melanophores, one may pos-
tulate that melanophores in the retina may play a role in
the regulation of behavioral visual sensitivity, particu-
larly under extreme conditions. The decrease in visual
response in albino and ruby ﬁsh may also relate to their
poor spatial contrast sensitivity. For example, in this
study we tested whether the ﬁsh were able to distinguish
the edge of black or gray bars over white background.
With dim or bright illumination, the mutant ﬁsh may
have diﬃculty doing so. A decrease in behavioral spatial
contrast sensitivity was reported in albino rats (Brich &
Jacobs, 1979). Using our behavioral assay, we have not
found obvious defects in the visual response of roy ﬁsh,
except at the 5% contrast.
Fig. 4. Histological sections of wild-type and mutant retinas. Under light-adapted conditions, pigment granules in the RPE migrated proximally to
the retina where they separated the ROS from the COS. No obvious morphological diﬀerences were observed between wild-type and mutant retinas,
except that the thickness of the ruby retina was slightly reduced. Note that the melanophores were present in the wild type and roy (ﬁlled arrows) but
not in albino and ruby retinas (open arrows). Abbreviations: ROS, rod outer segment; COS, cone outer segment; ONL, out nuclear layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: approximately 60 lm.
Table 2
Retinal thickness of wild-type and mutant zebraﬁsh (lm)
Outer retina Inner retina Total
Wild type 313:4 32:3 248:7 16:2 561:3 31:6
roy 317:2 19:2 212:5 46:2 529:8 38:5
albino 291:1 20:3 226:4 28:5 517:4 46:2
ruby 275:7 57:8 161:7 29:3 438:1 52:4
Specimens were collected from central retina. Data represent the means
SD (n ¼ 4 for each group).
Fig. 5. Dark adaptation curves of wild-type (ﬁlled circles, n ¼ 6) and
albino zebraﬁsh (open circles, n ¼ 6). The horizontal dashed lines
drawn at log I ¼ 4:2 indicates the cone threshold of wild-type and
albino ﬁsh. The ﬁnal rod threshold of wild-type and albino ﬁsh was
log I ¼ 6:0. Note the delay in dark adaptation in both cone and rod
systems in albino mutants. Data represent the means SD.
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What makes the mutant ﬁsh are less sensitive to vi-
sual stimuli under bright light conditions remains un-
known. One possibility is that the bright light causes
‘‘scatter’’ in the retina. Using our behavioral setup, the
light illuminated the rotating segment also shined into
the eyes of the ﬁsh. In wild-type ﬁsh, bright light
transmitted to the eye may be absorbed by melano-
phores in the RPE. In the absence of melanophores,
extra light in the retina may interfere with the ﬁsh’s
ability to detect a moving object. The decrease in behav-
ioral visual sensitivity may also result from morpho-
logical defects in the retina. Under a light microscope,
we have not found obvious structural defects in the
retina of roy and albino ﬁsh. While all retinal cell types
were present, the thickness of the ruby retina was re-
duced as compared to that of control ﬁsh. It is worth
noting that in ruby ﬁsh the thickness of the interplexi-
form layer was somewhat reduced. This suggests that
the synaptic connections among inner retinal neurons
and between the inner nuclear layer and ganglion cell
layer are reduced. We cannot rule out the possibility
that subtle structural changes in the mutant retina may
occur, particularly after bright light adaptation.
It is worthy noting that following bright light adap-
tations, the time required for cone and rod system dark
adaptation was signiﬁcantly longer in the mutants than
in wild-type zebraﬁsh. This may be due simply to a
massive bleaching of visual pigments in the mutants
during bright light adaptation (Bastian & Fain, 1979;
Baylor & Hodgkin, 1974; Dowling, 1987; Dowling &
Ripps, 1970; Fain, 1976; Weinstein, Hobson, & Dow-
ling, 1967). In zebraﬁsh, under bright light conditions
pigment granules that reside in RPE migrate proximally
in the retina and are scattered in the space between rod
outer segments (Branchek & Bremiller, 1984; Schmitt &
Dowling, 1999). In the presence of melanophores, the
granules form a black shield surrounding the rod outer
segment that protects the visual pigment from bleaching
by the light. In albino mutants, the protective eﬀect
provided by melanophores was no longer available
(Vihtelic & Hyde, 2000). Under bright light conditions,
massive amounts of visual pigment are probably
bleached. Thus, albino ﬁsh may require more time in
order to re-synthesize visual pigments during subsequent
dark adaptation (Cornwall & Fain, 1994; Cornwall,
Fein, & MacNichol, 1983, 1990; Cornwall, Matthews,
Crouch, & Fain, 1995; Dowling & Ripps, 1971, 1972;
Jones, Fein, MacNichol, & Cornwall, 1993; Kleinsch-
midt & Dowling, 1975; Pepperberg, Brown, Lurie, &
Dowling, 1978). The time course of albino dark adap-
tation may be shortened to that of the control group if
the intensity of light adaptation was approximately 0.5
log units dimmer than the intensity used in control ex-
periments (unpublished observations).
We are aware that there has been a lack of agreement
as to whether the visual system function of hypopig-
mented animals is normal or not. Evidence that sup-
ports both arguments exist (Balkema et al., 1983;
Balkema & Pinto, 1982; Balkema et al., 1981; Dowling,
1960, 1967; Green, 1971, 1973; Green et al., 1991, 1994;
Hayes & Balkema, 1993; Herreros de Tejada, Green, &
Munoz Tedo, 1992). Such disagreement may be attri-
buted to several factors. For example, depending on the
intensity and time of light adaptation and the length of
dark adaptation, the behaviorally or electrophysiologi-
cally measured visual thresholds may be diﬀerent. The
time of day when the experiments are performed may
also be a key element. It is of interest to examine whe-
ther screening pigments in the retina plays a role in the
regulation of circadian visual sensitivity.
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